OBJECTIVES: To report our preliminary results of an aggressive technique, the Provisional Extension To Induce Complete Attachment (PETTICOAT), in repair of acute DeBakey type I aortic dissection.
INTRODUCTION
Acute type A aortic dissection is a catastrophic condition with poor prognosis if untreated. Despite improvement of surgical care, mortality and morbidity remain substantial [1] . Most of the patients present with DeBakey type I aortic dissection and surgical repair focused on proximal aortic reconstruction does not address the remnant distal aortic dissection. Several studies have shown that a dissected distal aorta leaves risks of later aneurysmal degeneration and future reintervention [2, 3] .
Total arch replacement with proximal descending aorta stent grafting or stented elephant trunk in the management of type I dissection has shown to promote aortic remodelling and reduce the rate of late reintervention [4] . However, complete false lumen (FL) obliteration is usually observed only adjacent to the stent graft and a partial thrombosed or patent FL still presents in distal thoracic or abdominal aorta. This may increase the risk of late aneurysmal degeneration and therefore aortic rupture [5] . To avoid this negative remodelling, we adopted the concept of the technique, Provisional Extension To Induce Complete Attachment (PETTICOAT), in the management of type B aortic dissection and tended to be a more aggressive approach using total replacement of the ascending aorta and arch combined with descending aortic stent grafting and distal bare stenting during repair of acute DeBakey type I aortic dissection. In the present study, we reported our preliminary results of this surgical management.
MATERIALS AND METHODS

Patients
All patients' data were reviewed retrospectively. Zenith Dissection Endovascular Stent (Cook Medical, Bloomington, IN, USA) was first available in Taiwan in April 2014. Until November 2014, 20 patients (Marfan syndrome excluded) with acute DeBakey type I aortic dissection presented to our hospital. Except 2 patients who underwent only ascending aorta replacement, 9 were treated by combined descending aortic stent grafting and distal bare stenting (PETTICOAT group). During this period, another 9 patients who underwent concomitant descending aorta stent grafting (NON-PETTICOAT group) were also included for comparison. All patients had open ascending aorta and total arch replacement. The decision for the PETTICOAT procedure versus NON-PETTICOAT procedure depended on surgeon preference. One surgeon adopted the PETTICOAT procedure, whereas two others performed proximal descending aorta stent grafting only. Diagnosis was confirmed by computed tomography (CT) scan and intraoperative transoesophageal echocardiography in the operation room before initiating surgery. Preoperative informed consent was obtained from each patient, including planned descending aortic stent grafting with or without distal bare stenting. All patients received a postoperative CT scan at 6-month follow-up. The institutional review board approval was obtained for this study.
Images
CT scans were performed at baseline and at 6 months after the operation with a standard protocol of 3.0-mm cuts. The Digital Imaging and Communications in Medicine (DICOM) data were analysed by 3Mensio system (3Mensio Medical Imaging BV, Bilthoven, Netherlands). The diameters and volumes of both true lumen (TL) and FL were measured 10 cm beyond the left subclavian artery (LSA), at the level of the diaphragm (around ninth vertebral body, T9) and at the level of the lowest renal artery (Fig. 1) . A central luminal line was constructed within the aorta and 'stretch views' were obtained. Multiplanar reconstructions of these images in the plane orthogonal to the central luminal line allowed for more accurate estimates of diameter and volume (Fig. 2) . The diameters of the TL and FL were taken by measuring the relevant lumen on multiplanar reconstruction images. The volumes of the TL and FL were calculated automatically by defining the selected area and length of the segment (from 10 cm beyond the LSA to the lowest renal artery). Manual adjustment was used to refine the segmental area when necessary. Changes of the parameters were defined as differences between measurements at 6 months and baseline. Total thrombosed or regressed FL was also recorded.
Statistical analysis
Statistical analysis was performed using SPSS version 18.0 (SPSS, Inc., Chicago, IL, USA), and the Mann-Whitney test was used to assess differences between groups for numerical parameters. Categorical variables were tested with Fisher's exact tests. A value of P < 0.05 was considered to be statistically significant.
Operative technique
In the present study, we used two-staged operations for type I aortic dissection. The first stage operation was replacement of ascending aorta and aortic arch. The second stage comprised endografting with or without bare stenting.
In the first stage, a median sternotomy was performed in all patients. The aortic arch and its major branches were dissected and exposed. Cannulation of the right axillary artery was used for cardiopulmonary bypass (CPB) and selective antegrade cerebral perfusion (SACP). Venous line of CPB was instituted by cannulating the right atrium. The femoral artery would be cannulated to facilitate hypothermia or rewarming if it was supplied by TL. The left heart was vented via the right superior pulmonary vein. Cold blood cardioplegic solution was infused directly into the coronary ostia after ascending aorta was clamped and opened.
The aortic root procedure or ascending aorta replacement was performed after cardiac arrest during the cooling phase. After the nasopharyngeal temperature reached 25°C, the branches of aortic arch were clamped. Circulatory arrest was instituted, and the brain was perfused at 5-10 ml/kg per minute using SACP. Cerebral circulation in the left hemisphere was considered adequate if the left radial arterial pressure was 20 mmHg.
The ascending aorta was unclamped and the transverse arch was opened. The aortic arch was carefully transected distal to the proximal margin of the origin of the LSA to avoid recurrent laryngeal nerve injury. The dissection flap was then repaired with Teflon felt neomedia (DuPont, Wilmington, DE, USA) to obliterate the FL in the proximal descending aorta. A four-branched prosthetic graft (Vascutek Ltd, Renfrewshire, UK) was used in total arch replacement. The anastomosis between the four-branched prosthetic graft and the distal aorta was made first in an end-to-end method. After the anastomosis was completed, blood perfusion of the lower body was started via one limb of the four-branched prosthetic graft. Another limb of the prosthetic graft was then anastomosed to the left common carotid artery in an end-to-end fashion. After the anastomosis was accomplished, SACP was discontinued, CPB was gradually resumed to normal flow and rewarming was started. The innominate and left subclavian arteries were anastomosed to the respective limbs of the fourbranched prosthetic graft in an end-to-end fashion. The prosthetic graft was anastomosed to the proximal aortic stump, which had already been reconstructed. After the anastomosis was accomplished, clips were used to mark the distal end of the total arch graft for the second-stage operation.
Distribution of both TL and FL was evaluated using a CT scan within 1 week after the first operation, usually on postoperative day 2 or 3. The second stage was arranged in interval upon imaging studies were obtained, usually on the day after the CT scan. If malperfusion was suspected, a CT scan would be performed urgently and the second-stage surgery would be done in advance on postoperative day 1. In the second-stage surgery, the Zenith TX2 thoracic endograft with Pro-Form (Cook Medical) was advanced into the proximal descending aorta via the femoral artery supplied by TL. A pigtail catheter was inserted into the ascending aorta via the left brachial artery for aortogram to guide deployment of the aortic stent graft or stent if the non-access side of the femoral artery was uncertain to be in the TL. The oversizing was 10-15% according to the preoperative CT scan. The proximal part of the aortic stent graft was landed in the total arch graft, 1.5 cm proximal to the clip markers made during the open repair. The distal part was landed around the T9 level to avoid spinal cord ischaemia.
In the PETTICOAT group, Zenith Dissection Endovascular Stents (Cook Medical) were placed in the downstream aorta. The bare stents were intended to address all segments of dissected aorta. In cases of dissection involving the iliac arteries, the bare stents were ended near the aortic bifurcation. If significant entry tears or compromised flow was detected at the level of the roots of visceral arteries, endovascular visceral branch intervention with Viabahn endografts (W.L. Gore and Associates, Inc., Flagstaff, AZ, USA) would be performed for 're-routing' to the TL addressing the malperfusion or sealing the entry tear.
RESULTS
Surgical data
Preoperative patient characteristics are listed in Table 1 . Malperfusion was noted in 5 patients of the PETTICOAT group (3 had compromised renal artery flow and 2 had compromised femoral artery flow) and 2 patients of the NON-PETTICOAT group (1 had compromised superior renal artery flow and the other had compromised right coronary artery flow and myocardial infarction). Intraand postoperative variables of the groups are listed in Table 2 
Morbidity and mortality
There was no paraplegia or paralysis, but 1 patient in the NON-PETTICOAT group had transient ischaemic attack. One patient in the PETTICOAT group required temporary extracorporeal membranous oxygenation support due to preoperative acute myocardial infarction related to right coronary artery involvement by aortic dissection. One patient of the PETTICOAT group required reoperations for cardiac tamponade and sternal wound infection. This patient had prolonged hospital stay (127 days) and postoperative acute kidney injury that required temporary haemodialysis. Two patients of the NON-PETTICOAT group had rapid expansion of residual dissection in the descending aorta at 6 months after initial operation and were managed with repeat endografting.
Only one ≤30-day mortality (1/9, 11.1%) was noted in the PETTICOAT group and none in the NON-PETTICOAT group. This patient had postoperative stroke and died of surgery for extensive right middle cerebral infarction.
Imaging
A CT scan was performed in 17 patients at the first 6-month follow-up. Measurements of aortic remodelling are given in Table 3 . Compared with the NON-PETTICOAT group, the PETTICOAT group showed significantly expanded diameter of TL (median, 0.6 vs 0.1 mm, P < 0.01) and regressed diameter of FL (median, −0.9 vs 0.0 mm, P < 0.01) at the level of lowest renal artery, but not at the level of 10 cm distal to the LSA or at the level of diaphragm. Volumetric results showed significantly decreased FL (median, −102.0 vs −42.2 mm 3 , P = 0.03) in the PETTICOAT group at 6-month follow-up. Total thrombosis or regression of FL from the thoracic aorta to the level of lowest renal artery was observed in 62.5% (5/8) of patients in the PETTICOAT group. All patients enrolled in the NON-PETTICOAT group demonstrated a patent FL at the level of lowest renal artery (P < 0.01, Fig. 3 ).
DISCUSSION
Surgical outcomes have improved for DeBakey type I dissection and various techniques have been proposed for surgical repair during the past few decades [6] . However, several aspects of surgical management remain controversial. The most important issue is the extent of distal aortic repair. Some studies supported a limited approach, such as ascending/hemiarch repair [7, 8] , and others advocated a more extensive approach such as total arch replacement in combination with the elephant trunk or proximal descending aorta stent grafting [9, 10] . In our institute, we started performing total arch replacement with proximal descending aorta stent grafting in 2013. Proximal descending aorta stent grafting in the management of type I dissection has shown to promote aortic remodelling and reduce late open reoperation rate. A pooled analysis reported that stented elephant trunk was associated with promising rates of partial or complete thrombosis of FL (88.9%) [11] . Vallabhajosyula et al. [4] also demonstrated improved rates of freedom from open distal aortic reoperation (98% at 6 years). But complete FL obliteration is usually observed, only adjacent to the stent graft and a partially thrombosed or patent FL still presents in the distal thoracic or abdominal aorta. One study showed that full obliteration of thoraco-abdominal FL in stented elephant trunk was only 17% [12] . Another recent study also reported that the thrombosis of FL downstream to the celiac trunk level was 29% in stented elephant trunk with a mean followup of 47 ± 21 months [13] . In the present study, 4 patients in the NON-PETTICOAT group had a partial or complete patent FL in the diaphragm level at 6 months after initial repair and 2 of them underwent repeat endografting for rapid expansion of residual dissection in the descending aorta. This indicated that the partial or fully patent FL resulting from retrograde flow through the residual re-entry tear or intimal fenestrations in the distal thoracic or abdominal aorta will increases risks of late aneurysmal degeneration and therefore aortic rupture [5] . In the study of aortic remodelling in aortic dissection after frozen elephant trunk (FET) by Dohle et al. [13] , the entire descending thoracic and abdominal aorta was divided into three segments: Segment A from the distal FET anastomosis to the stent graft end, Segment B from the graft end to the celiac trunk and Segment C from celiac trunk to bifurcation. They found that the rate of FL thrombosis distal to the stent graft (Segment B) and the abdominal aorta (Segment C) was significantly less compared with the stent graft aortic part (Segment A). Positive or stable remodelling in Segment B correlated significantly with positive or stable remodelling in Segment C (P < 0.01) and negative remodelling in at least two segments correlated with reintervention distal to the stent graft (P = 0.02). Therefore, we theorized that extended positive remodelling, for example to the abdominal aorta, will make the downstream aorta more stable and decrease the rate of future reintervention.
To achieve more extended positive remodelling, we adopted the concept of the Provisional Extension To Induce Complete Attachment (PETTICOAT) technique which was previously used in the treatment of complex type B aortic dissection. The technique was first reported by Mossop et al. [14] . It aimed to eliminate the entry tear and increase the true luminal diameter in the distal aorta through a combination of stent grafting and bare metal stenting of the visceral and infrarenal segments. We started performing this technique in type I aortic dissection after the device was available in Taiwan. At 6-month follow-up, our series showed significant FL diameter regression and TL diameter expansion at the level of lowest renal artery in the PETTICOAT group. However, this phenomenon was not noted at levels above the lowest renal artery. A possible mechanism is that proximal stent grafting, in both the PETTICOAT and the NON-PETTICOAT groups, seals the proximal tear and depressurizes the FL in the thoracic aorta. Furthermore, bare stenting in the PETTICOAT procedure reinforces the TL to expand against the FL and promotes aortic remodelling more distally. Volumetric reduction (P = 0.03) and total thrombosed or regressed FL (P < 0.01) downstream to the abdominal aorta were also improved in the PETTICOAT group. Our findings suggest that combined proximal stent grafting and distal bare stenting facilitate superior aortic remodelling more than stented The patient with ≤30-day mortality was excluded. b Changes in the parameters were defined as differences between measurements at 6 months and baseline.
elephant trunk or proximal descending aorta stent grafting alone in the management of type I aortic dissection and may also provide better stabilization of the aortic wall to prevent late aneurysmal change. The safety of the stented elephant procedure or proximal descending aorta stent grafting in the acute phase of type I aortic dissection remains a subject of debate, owing to its technical complexity and longer cerebral perfusion and circulatory arrest times. All these factors might increase the risk of mortality and neurological events. This issue of concern will also be discussed for the PETTICOAT procedure in type I aortic dissection. In the present study, we used a two-staged operation. The first stage was total replacement of ascending aorta and arch. This strategy avoided prolonged cerebral perfusion and circulatory arrest times caused by stent grafting under CPB or circulatory arrest in open repair, especially when a surgeon was still in the learning curve of endovascular procedures or when the hybrid operative room was not available. The next stage was endovascular intervention. These endovascular procedures could be performed under fluoroscopy with systemic perfusion, instead of circulatory arrest. Therefore, the extent of residual dissection, the presence of re-entry, the status of TL and the perfusion of major branches may be assessed more accurately. The placement of the endografts or bare stents could be adjusted according to the image findings. Two types of malperfusion, dynamic or static, of the branch vessels have been noticed in aortic dissection. Dynamic obstruction will be improved by aortic stent grafting but static obstruction will not be. This phenomenon has also been noted in the PETTICOAT procedure [15] . Static malperfusion needs direct treatment to restore the integrity of the arterial TL. During the second-stage operation in the present study, all affected visceral branches were treated with Viabahn (W.L. Gore and Associates), including 5 patients in the PETTICOAT group and 1 patient in the NON-PETTICOAT group.
Postoperative cerebral morbidity remains one of the critical complications in patients undergoing this procedure. Decreased Glascow Coma Scale to 8 was found in 1 patient after the PETTICOAT procedure and a brain scan showed infarction in the right middle cerebral artery territory with midline shift. The patient did not survive the craniectomy. This major complication might be caused by thromboembolism or atheroembolism during the PETTICOAT procedure. However, it might also be related to the dissection of proximal brachiocephalic artery, which was noted in preoperative chest CT scan. Even though the proximal segments were treated by total arch replacement, distal carotid perfusion might still be compromised due to the complexity of dissection morphology inside the artery. Ancillary surveillance of carotid perfusion when doubted by carotid duplex in the first stage repair or carotid angiography in the secondary stage procedure might reduce the cerebral complications. Transient ischaemia attack was noted in 1 patient in the NON-PETTICOAT group. It may be attributed to longer cerebral perfusion and circulatory arrest times during the previous open repair. There was no paraplegia or paralysis in our series. Mean blood pressure was kept above 70 mmHg after the second-stage endovascular intervention. Spinal drain would be applied if the muscle power of the leg and anal tone decreased after the procedure. Moreover, avoidance of extensive endografting of the thoracic aorta and bare stenting of the residual segments might preserve critical intercostal arteries and reduce spinal cord ischaemia.
There are several limitations to this study. First, this study comprises a small cohort with short-term follow-up. Larger studies with long-term follow-up are needed to evaluate this technique. Secondly, we included only acute type I patients. Long-term results of this procedure are still unknown and need further investigation. Furthermore, the combination of various brands of the aortic stent grafts and bare stents may have different effects on the outcomes and aortic remodelling.
In conclusion, the PETTICOAT technique in repair of acute DeBakey type I dissection is a feasible and promising method to promote distal aortic remodelling. Mortality and morbidity were permissive in this procedure. However, outcomes are preliminary and larger studies are required.
